OSU-HEP-04-1 
January 2004 



Constraining Z' From Supersymmetry Breaking 



O.C. Anoka,"'^ K.S. Babu°'2 and I. Gogoladze"^-^ 

" Department of Physics, Oklahoma State University 

Stillwater, OK 7^078, USA 
^ Department of Physics, University of Notre Dame 
Notre Dame, IN 46556, USA 



Abstract 

We suggest and analyze a class of super symmetric Z' models based on the gauge 
symmetry U{\)x = xY — (B — L), where Y is the Standard Model hypercharge. 
For 1 < X < 2, the U{l)x D-term generates positive contributions to the slepton 
masses, which is shown to solve the tachyonic slepton problem of anomaly mediated 
supersymmetry breaking (AMSB). The resulting models are very predictive, both 
in the SUSY breaking sector and in the Z' sector. We find Mz' =2 — 4 TeV and the 
Z — Z' mixing angle 0.001. Consistency with symmetry breaking and AMSB 
phenomenology renders the Z' "leptophobic" , with Br{Z' i^£^) ^ {I — 1.6)% 
and Br{Z' — > qq) ^ 44%. The lightest SUSY particle is either the neutral Wino or 
the sneutrino in these models. 
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1 Introduction 



One of the simplest extensions of the Standard Model (SM) is obtained by adding a U{1) 
factor to the SU{3)c x SU{2)l x U{1)y gauge structure. Such U{1) factors arise quite 
naturally when the SM is embedded in a grand unified group such as 5*0(10), SU (6), Eq, 
etc P3I21- While it is possible that such U{1) symmetries are broken spontaneously near 
the grand unification scale, it is also possible that some of the U{1) factors survive down 
to the TeV scale. In fact, if there is low energy supersymmetry, it is quite plausible that 
the U (1) symmetry is broken along with supersymmetry at the TeV scale. The Z'^ and Z'^ 
models arising from 5*0(10) SU{5) x U{1)^ and Eq 50(10) x f/(l)^ are two popular 
extensions which have attracted much phenomenological attention [1-8]. Z' associated 
with the left-right symmetric extension of the Standard Model does not require a grand 
unified symmetry. Other types of U{1) symmetries, which do not resemble the ones with 
a GUT origin, are known to arise in string theory, in the free-fermionic construction 
as well as in orbifold and D-brane models [9-11]. Gauge kinetic mixing terms of the 
type B^^^Z'^j^ [12^ which will be generated through renormalization group flow below the 
unification scale can further disguise the couplings of the Z'. 

The properties of the Z' gauge boson - its mass, mixing and couplings to fermions 
- associated with the U{1) gauge symmetry are in general quite arbitrary j^. This is 
especially so when the low energy theory contains new fermions for anomaly cancella- 
tion. In this paper we propose and analyze a special class of U{1) models wherein the 
Z' properties get essentially fixed from constraints of SUSY breaking. We have in mind 
the anomaly mediated supersymmetric (AMSB) framework f!M I15j . In its minimal ver- 
sion, with the Standard Model gauge symmetry, it turns out that the sleptons of AMSB 
become tachyonic. We suggest the U{1) symmetry, identified as U{l)x = xY — {B — L), 
where Y is the Standard Model hypercharge, as a solution to the negative slepton mass 
problem of AMSB. This symmetry is automatically free of anomalies with the inclusion 
of right-handed neutrinos. It is shown that the D-term of this U{l)x provides positive 
contributions to the slepton masses, curing the tachyonic problem . The consistency of 
symmetry breaking and the SUSY spectrum points towards a specific set of parameters 
in the Z' sector. For example, 1 < x < 2 is needed for the positivity of the left-handed 
and the right-handed slepton masses. Furthermore, the U{l)x gauge coupling, g^, is 
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fixed to be between 0.4-0.5. The resulting Z' is found to be "leptophobic" ^H] with 
Br{Z £+r) ~ (1 - 1.6)% and Br{Z qq) ~ 44%. 

AMSB models are quite predictive as regards the SUSY spectrum. The masses of the 
scalar components of the chiral supermultiplets in AMSB scenario are given by IT^ 



(1) 



where summations over the gauge couplings g and the Yukawa couplings Y are assumed. 
7^^* are the one-loop anomalous dimensions, f3{Y) is the beta function for the Yukawa 
coupling Y, and P{g) is the beta function for the gauge coupling g. Manx is the vacuum 
expectation value of a "compensator superfield" Jlj which sets the scale of SUSY break- 
ing. The gaugino mass Mg, the trilinear soft supersymmetry breaking term Ay and the 
bilinear SUSY breaking term B are given by ITK] 

Mg = ^Maux, AY = -(^Maux, B = -Maux{lH^+lH,). (2) 

We see that the SUSY masses are completely fixed in the AMSB framework once the 
spectrum of the theory and Manx are specified. 

The negative slepton mass problem arises in AMSB because in Eq. (1) the gauge beta 
functions for SU{2)l and U{1)y are positive, 7^^^ are negative, and the Yukawa couplings 
are small for the first two families of sleptons. In our Z' models, there are additional 
positive contributions from the U{l)x -D-terms which render these masses positive. 

In Ref. [I7j the negative slepton mass problem of AMSB has been solved with explicit 
Fayet-Iliopoulos terms added to the theory. In contrast, in our models, the D-term is 
calculable, which makes the Z' sector more predictive. We find Mz' = 2 — 4 TeV and the 
Z — Z' mixing angle ^ ~ 0.001. Constraints from the electroweak precision observables are 
satisfied, with the Z' model giving a slightly better fit compared to the Standard Model. 

Other attempts to solve the negative slepton mass problem of AMSB generally assume 
TeV-scale new physics [18-20] or a universal scalar mass of non-AMSB origin [21]. In 
Ref. [201 we have shown how a non-Abelian horizontal symmetry which is asymptotically 
free solves the problem. Some of the techniques we use here for the symmetry breaking 
analysis are similar to Ref. |20j . 

The plan of the paper is as follows. In section 2 we introduce our model. In section 3 we 
analyze the Higgs potential of the model. In section 4 we present formulas for the SUSY 



spectrum. Section 5 contains our numerical results for the SUSY spectrum as well as for 
the Z' mass and mixing. In section 6 we analyze the partial decay modes of the Z' . In 
section 7 we analyze other experimental test of the model. Here we show the consistency 
of our models with the precision electroweak data. Section 8 has our conclusions. In an 
Appendix we give the relevant expressions for the beta functions, anomalous dimensions 
as well as for the soft masses. 

2 V{\)x Model 

We present our model in this section. We consider adding an extra gauge group to 
the Standard Model gauge structure of MSSM. The model is then based on the gauge 
group S'C/(3)c<8)S'C/(2)i:,(8)C/(l)y where the charge is given by the following 

linear combination of hypercharge Y and B — L: 

U{1), = xY-{B-L). (3) 



The particle content of the model and the U{l)x charge assignment are shown in Table 
1. Besides the MSSM particles, the model has new particles {z/f, v"^, V^, S+ and S-} 
which are all singlets of the Standard Model gauge group. 



Superfield 


Qi 


< 








Hu 


Hd 








s+ 






X 1 

6 3 


2x 1 1 
3 3 


X 1 1 

3 3 


-- -1- 1 


x-1 


X 

2 


X 

2 


-1 


-1 


1 


2 


-2 



Table 1: Particle content and charge assignment of the U{l)x model. Here i = 1 — 3 is the family index. 



In order for Li and e? sleptons to have positive mass-squared from the U{l)x i^-term, 
the charges of Lj and e? must be of the same sign. This is possible only for 1 < x < 2. 
We shall confine to this range of x, which is an important restriction on this class of 
models. The fields are needed for U{l)x anomaly cancellation. 5"+ and S_ are the Higgs 
superfields responsible for U symmetry breaking. The v'^+v^ pair facilitates symmetry 
breaking within the AMSB framework. The superpotential of the model consistent with 
the gauge symmetries is given by: 

W = {Y^),.QiH^u'^ + {Yd),^QiHdd'^ + {Yi),^LiHde'j + fiHuHd 
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Here i,j = 1, 2, 3 are the family indices. The mass parameters /i and fi' are of order TeV, 
which may have a natural origin in AMSB ^3]. In general, one can write additional mass 
terms of the form MiV^v'^ in the superpotential. Such terms will have very little effect on 
the symmetry breaking analysis that follows. We forbid such mass terms by invoking a 
discrete symmetry (such as a Z2) which differentiates z/^ from z/f . 

Small neutrino masses are induced in the model through the seesaw mechanism. How- 
ever, the z/f fields, which remain light to the TeV scale, are not to be identified as the 
traditional right-handed neutrinos involved in the seesaw mechanism. The heavy fields 
which are integrated out have f/(l)a,-invariant mass terms. Specifically, the following ef- 
fective nonrenormalizable operators emerge after integrating out the heavy neutral lepton 
fields: 

-^e// = j^LiLjHuHuS-. (5) 

Here represents the masses of the heavy neutral leptons. For Mn ~ 10^ GeV and 
(S*-) ~ TeV, sub-eV neutrino masses are obtained. Note that we have not allowed 
neutrino Dirac Yukawa couplings of the form h^.-Lii/jHu, which would generate Majorana 
masses of order MeV for the light neutrinos. We forbid such terms by a global symmetry 
G, either discrete or continuous. In our numerical examples we shall assume this symmetry 
to be non-Abelian, with transforming as a triplet [for example, G can be 0(3), S4, A^, 
etc.]. Such a symmetry would imply that /^c in Eq. (jH) are equal for i = 1 — 3. 

3 Symmetry Breaking 

The scalar potential (involving H^, Hd, S+, S_ fields) of the model is given by: 

V = (Mi^+/^^)I^^J^ + (Mi^+/i^)|i^.P + (M|^+/^'^)|5+P + (M|_+/i'2)|^_r 
+ Bfi{HuHd + h.c.) + 5y(5+5_ + h.c.) + hgl + 9l)i\H^\^ - IH^I^ 

o 

+ ^gl\H^Ha\' + \gl - + 2|5+|2 - 2\S.\'')\ (6) 
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where the last term is the U D term. The B and the B' terms for the model are given 

by 

B ^-{-fH„+-fHa)Maux and = -(75+ + 75_)M„„^, (7) 

where the 7's are the one-loop anomalous dimensions given in the Appendix, Eqs. (115)- 
(116), (120)-(121). 

We parameterize the VEVs of H^, H^, S+ and 5'_ as 

{Hu) = ( J ) ' w = ( q') ' = = y- (8) 

In minimizing the potential, we have to keep in mind the fact that the VEVs of (5'+) and 
{SJ) should be much larger than the VEVs of {Hy) and {Hd) for a consistent picture. In 
addition, the VEV of (5*+) should be greater than the VEV of {S-) in order for the D 
term contribution to the slepton masses to be positive. We have checked explicitly that 
all the above-mentioned conditions are satisfied at the local minimum for a restricted 
choice of model parameters. The physical Higgs bosons as well as the sleptons acquire 
positive mass-squared, while generating a Z' mass and Z — Z' mixing angle consistent 
with experimental constraints. 

Minimization of the potential leads to the following conditions: 

2,j? + M|7+ Ml^ 

Ml _ _ Ml^-Mlj^n^P x^glv^ xgycos2i; 

2 ^ ^ tan2/3-l 4 cos 2/3 ' ^ ' 
. ^ , -25V 

Ml ^ Ml_ - Ml tan^ 4^ x'gy cos 2/3 

2 ^ ^ (tan^V-l) 4 cos2V^ ' ^ ^ 



sin 2/3 = TTT^^TTT^^' (9) 



Here M|, = ^^-f^- + Sg^u'^, tan/3 = ^, tanV^ = ^, ^/vlTvl = v = 17A GeV and 

To see the consistency of symmetry breaking, we need to calculate the Higgs boson 

mass-squared and establish that they are all positive. We parameterize the Higgs fields 

(in the unitary gauge) as 

/ i/+sin/3 \ f Vd + j^{(pl + ^smP(P3) 

Vfw + :^(02 + «cos/303)y \ H cos/3 

z+ -^{(f)4 + icosip(f)5), + -^{(f)Q + i sin ip(f)5). (13) 

\/2 V 2 



The CP-odd Higgs bosons {03, ^5} have masses given by 



m, 



m. 



sin 2/5' sm2ip 
The mass matrix for the CP-even neutral Higgs bosons {(pi, 02 



/ (A^2)ii {M^)i2 -2xglvdZ 2xglvdy \ 



cp—even 



-2xg^VdZ 



2xglvuZ 
-2xglvuy 



'4, 06} is 



2xgtvuZ -2xg^Vuy 

{M^)U (-M')44 J 



(14) 
;iven by 

(15) 



where 



(-M')ii 

(M')l2 
{M')22 



m\ sin^ 13 + Ml cos^ /3 + - {x^glv"^ cos^ /3), 

-m^ sin (3 cos /? — M| sin (3 cos /5 — -x^g^v^ sin /? cos /3, 

m\ cos^ /5 + M| sin^ /? + ^ {x^qIv'^ sin^ /?) , 
2^2 



m^, cos -0 + 8(7^2; 
—m\, sin -0 cos -0 — Sglyz, 
m\, sinV + 'igly^. 



(16) 

(17) 

(18) 
(19) 
(20) 
(21) 



It is instructive to analyze the effect of the t/(l)x -D-term on the mass of the lightest 
MSSM Higgs boson h. Consider the upper left 2x2 sub sector of the CP-even Higgs 
boson mass matrix. It has eigenvalues given by 



Ai,: 



,2 I T,/r2 I ^^fi'z^^ 



m\ + + 



From Eq. 



2 2 2 \ ^ 

m\ + MI + I - Am\Ml cos^ 2(3 - 4m\ 



we obtain an upper limit on rrih: 
rrih < 



x'^glv'^ 



cos2 2/5 



(22) 



x'^g^v'^ 



+ M||cos2/3|. 



(23) 



The mixing between the doublets and the singlets will reduce the upper limit further. In 
fact, we find this mixing effect to be significant. 

The lower 2x2 subsector of Eq. ()15|) has eigenvalues 



K,2 



Sglu^ + m\, =F \J {Sg^u^ + m\,y - 4:m\,{8g'^u'^) cos^ 2^ 



(24) 



From Eq. ^I^i we obtain an upper bound of the lightest Higgs mass for the SU{2) singlet 
sector: 



rrih' ^ mA' \ cos2ip\. 



(25) 



The above upper limit on m/j/ is affected only minimally by the mixing between the 
doublet and the singlet Higgs fields. 

As in the MSSM, the mass of the charged Higgs boson is given by 



ml + M^. 



(26) 



We now turn to the supersymmetric fermion masses. The (Majorana) mass matrix of 
the neutralinos {B, W3, H^, H^, B', S^, S-} is given by 





Ml 





Vd „ 


Vu „ 

7^91 








\ 







M2 


Vd n 


Vu „ 

-7^92 




















-/i 


-■^xg^ 














-fi 





^^9x 


















^,xgx 


M[ 


2y/2gxZ 


-2y/2gr,y 
















2y/2gxZ 







v 














-2V2gxy 




/ 



(27) 



where Mi, M[ and M2 are the gaugino masses for U{1)y, U{1)x and SU {2)l. The physical 
neutralino masses m^o {i =1-7) are obtained as the eigenvalues of this mass matrix. We 
denote the diagonalizing matrix as O: 



= diag{m^o, rn^o, rn^o, rn^o, m^o, m^o, rn^o}. 

In the basis {W^"^, H^}, {W~ , H^} the chargino (Dirac) mass matrix is 

M2 g2Vd " 



(2^ 



(29) 



g2Vu 



This matrix is diagonalized by a biunitary transformation y*A^'^^^f/ ^ = diag{m^±, fn^±}- 



The Z — Z' mixing matrix is given by 



J Ml M|, 



(30) 



7 



where 

7 = -^^, Ml=^^{gl + gll M|, = ^ + 8,^ . (31) 

The physical mass eigenstates Zi and Z2 with masses M^^, are 

Zi = Zcos^ + Z'sin^, (32) 
Z2 = — Z sin^ + Z' cos^, (33) 



where 



M| + M|, T J(M| - M|,)2 + 472MI 



The Z — Z' mixing angle is given by 



(34) 



e = i arctan ^j^^L ) ^ -7M|/M|,. (35) 



2 V^|-^l' 
We have ignored kinetic mixing of the form B^'^Z'^^^ in the Lagrangian [T^ I13j. 
The masses of the heavy right-handed neutrinos are given by 

m^f = U^z, (36) 

where z = 1 — 3 is the family index. The fourth right-handed neutrino u"^ mixes with 
the u'^ field forming two Majorana fermions. The masses are the eigenvalues of the mass 
matrix 

M,.,. = \ , (37) 

VM,c hy J 

where M^c is the mass parameter that appears in the superpotential of Eq. (@]). We 
denote the eigenstates of this matrix as uji, oji and the mass eigenvalues as m^^ and m^^. 



4 The SUSY Spectrum 



4.1 Slepton masses 



The slepton mass-squareds are given by the eigenvalues of the mass matrices 

, m? Tile { Ay. — utand] 

me . ( _ — n tan (3 j 



where z = e, /x, r, and 



M2 



rrir 



YiMYk) - U92P{92) + Y^9if3{9i) + 2 (l - I) 9^9. 



+ ml + (-^ + sin^ cos 2/3M| + 2gl (l - |) (2;^ 



(167r2 



2y,,/5(l^J - ( ^9iP{9i) + 2(x - l)'(7./?(^7. 



+ ml-sm^ewcos2pMl + 2gl{x -l){z^ 



y 



(39) 



(40) 



The SUSY soft masses are calculated from the RGE given in the Appendix [Eqs. (124), 
P30|) ]. Note the positive contribution from the f/(l)^ D-terms in Eqs. (123)^(40), given 
by the terms +2gl{l — |)(-2^ — y"^) and +2gl{x — l)(-2^ — y^)- There are also negative 
contributions proportional to f3 {9x), but in our numerical solutions, the positive D-teim 
contributions are larger than the negative contributions. We seek solutions where z = (5+) 
and y = {S-) are much larger than Vu, Vd, of order TeV, with z > y. 
The left-handed sneutrino masses are given by 



m 



^^2/5(^2) - ^gif3{gi) -2(1-^^ 9xP{.9x 



_3 3 

(167r2" 

\cos2pMl + 2gl (l-|) {z 



(41) 



4.2 Squark masses 

The mixing matrix for the squark sector is similar to the slepton sector. The diagonal 
entries of the up and the down squark mass matrices are given by 



+ ml^ + - (4M^ - M|) cos 2/3 + 2gl 



4 



[Ml -Ml) cos 2/? + 2(7^ 



X 1 
6 ~ 3 
2x 



[z'-y% 



o/J J + i?^w + Ml) cos 2/5 + 2gl 



3 3 
X 1 



+ ^-\{z^-y\ 



6 3 



+ m% + - (M^ - Ml) cos 2p + 2gl[^ + 



3 3 



(42) 



Here mu. and mjj- are quark masses of different generations, i = 1, 2, 3. The squark soft 
masses are obtained from the RGE as 



M2 



soft) 



167r2 



K,/3(KJ + y,./5(y,,) - ^(7i/5(^?i) - ^-g2P{g2] 



9 



3^3/3(^3) -2 (--- 



(43) 



M2 



167r2 



2r 1 ' 

2i;,/3(F„J - ^giPigi) - ^93^(93) - 2 ( -— + - ) g,P{g, 



, (44) 



,2 N^"? _ ^aux 



2y,,/3(y,j - ^^i/?(^i) - ^^3/3(^3) - 2 + ^ 



9xP{9x) 



■ (45) 



4.3 Heavy sneutrino masses 



The heavy right-handed sneutrinos (uf) spht into scalar (ufg) and pseudoscalar (i>?,) com- 
ponents with masses given by 

M2 



[4/.c/3(/.c) - 2^,/3(^,))] - 2gl{z' - y') 



(167r2^ 
M2 



[4/.c/3(/.c) - 2g,P(g,)] - 2gl{z' - y') 



2fi'f,.y + 4f^.z'-2UcA,^z. 



(46) 



(47) 



As for the fourth heavy sneutrino, there is mixing between the and the p'^ fields. 
This leads to two 2x2 mass matrices, one for the scalars, and one for the pseudoscalars. 
They are given by 

il^ 2M,c{f,cz + hy + ^) 

2M,c {f,oz + hy + ^) mlc 

2M,c {f^cz + hy + ^) 



where 



Ml 



mlc 



2M,c (f^,z + hy + ^^) 



m,-,c 



= (Y#) ('^f'^'Wu^) - ^9xPi9x)) 2gl{z' - y') 
+ 2i^'f,.y + Afl^z^ + 2fM.oZ + Ml. , 



M2 



■m,~,c = 



(4/.c/3(/.c) - 2g,(3{g,)) - 2gi{z' - y') 



(167r2) 

- 2ii'U.y + Afl^z^ - 2U.A,.z + 



M2 



{Ah(3{h)-'29xl3{gx)) + 2gi{z'-y') 



(167r2) 

+ 2^l'hz + 4/i2y2 + 2hAhy + M^, , 



(48) 
(49) 



(50) 



(51) 



(52) 
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- 2fi'hz + Ah^y^ - 2hAhy + M^, , 




(53) 



(54) 



Here s {p) stands for scalar (pseudoscalar) . The beta functions, gamma functions and 
the A terms are given in the Appendix, Eqs. fl25)- ()13H) . We shall denote the mass 
eigenstates of the scalars as uis, ijJ2s with masses m'^_^^, m^^^, and the pseudoscalars as 
uJip, uj2p with masses m?^^, m?^^. 

5 Numerical Results for the Spectrum 

As inputs at Mz we choose the central values (in the MS scheme ) 



We keep the top quark mass fixed at its central value, Mt = 174.3 GeV. We follow the 
procedure outlined in Ref. [20] to determine the parameter tan /? and the lightest MSSM 
Higgs boson mass m/j. The gauge couplings and the top quark Yukawa coupling are 
evolved from the lower momentum scale to Q = 1 TeV, where the Higgs potential is 
minimized. We use the Standard Model beta functions for this evolution. In determining 
the top quark Yukawa coupling Yt{mt), we use 2-loop QCD corrections to convert the 
physical mass Mt into the running mass mt{'mt). 

For the lightest Higgs boson mass of MSSM we use the 2-loop radiatively corrected 
expression for m\ = {m1)a + ^'^L where Am^ is given in Ref. j231- 

We present numerical results for two models: Model 1 with x = 1.3, and Model 2 with 
X = 1.6. In Model 1, the left-handed sleptons are heavier than the right-handed sleptons, 
while the reverse holds for Model 2. 

The value of Maux should be in the range Manx = 40 — 100 TeV if the SUSY particles 
are to have masses in the range 100 GeV - 2 TeV. In Table [21 corresponding to Model 1, 
we choose M^ux = 56.398 TeV. In Table[7|(for Model 2) we choose Manx = 59.987 TeV. We 
have included the leading radiative corrections [23 to Mi, M2 and M3 in our numerical 
study. In Model 1 we find Mi : M2 : M3 = 3.0 : 1 : 7.1. The minimization conditions 



(Eqs. ©-(10)) fix tan/? = 4.39 in this model. The choice of = 0.41, /^c = f^c = 0.28, 

11 



asiMz) = 0.119, sin^Ow = 0.23113, a{Mz) 



1 



(55) 



127.922 



and h = 0.921 are motivated by the requirements of consistent symmetry breaking with 
~ ^ '^u, Vd, and the positivity of slepton masses. We find that the model 

parameters are highly constrained. Only small deviations from the choice in Table 2 are 
found to be consistent. 

From Table |21 we see that the lightest Higgs boson of the MSSM sector has mass 
of 121 GeV. The lightest SUSY particle is the neutralino Xi? which is approximately 
a neutral Wino. This is a candidate for cold dark matter [23]. Note that Xi is nearly 
mass degenerate with the lighter chargino xf (which is approximately the charged Wino). 
The mass splitting m^o — m-± = 180 MeV, where the bulk (173 MeV) arises from finite 
electroweak radiative corrections ^6|, not shown in Table El 

In the U{l)j; sector, there is a relatively light neutral Higgs boson h' with a mass of 
60 GeV. This occurs since the parameter tanip = | is close to 1 - a requirement for 
consistent symmetry breaking [see Eq. h' is an admixture of 5*+ and S^, and as 

such has no direct couplings to the Standard Model fields. Its mass being below 100 GeV 
is fully consistent with experimental constraints. The phenomenology of such a weakly 
coupled light neutral Higgs boson will be discussed in section 7. 

The mass of the Z' gauge boson and the Z — Z' mixing angle are listed in Table 3 (for 
Model 1). In section 7 we show that these values are compatible with known experimental 
constraints. 

Table 4 lists the eigenvectors of the neutralino mass matrix. These will become relevant 
in discussing the decays of the Z' gauge boson. Tables 5 and 6 give the eigenvectors of 
the chargino and the CP-even Higgs bosons, which will also be used in the study of Z' 
decays. 

Tables [3-11 are analogous to Tables [21-6, except that they now apply to Model 2 
(with X = 1.6). In this case, tan/? = 5.83 and rrih = 126 GeV. Here the right-handed 
sleptons are heavier than the left-handed sleptons. In fact, in this Model, the LSP is the 
left-handed sneutrino. This can also be a candidate for cold dark matter in the AMSB 
framework, as the decay of the moduli fields and the gravitino will produce uu with an 
abundance of the right order [THl [2Z| • 
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Particles 


Symbol 


Mass (TeV) 


Neutralinos 


jm^o, m^o, m^o, m^oj 

A.1 A.2 A3 A4 


{0.175165, 0.517, 0.980, 0.980} 


Neutralinos 




{0.206, 1.644, 3.278} 


Charginos 




{0.175171, 0.983} 


Gluino 


M3 


1.239 


Neutral Higgs bosons 


{mh, mn, m^} 


{0.121, 0.793, 0.792} 


Neutral Higgs bosons 


{mh', ruH', ruA'} 


{0.060, 2.394, 0.241} 


Charged Higgs bosons 




0.796 


R.H sleptons 


{met,, nif^j^, m^J 


{0.215, 0.215, 0.205} 


L.H sleptons 


{mg^, m^^, m^J 


{0.249, 0.249, 0.257} 


Sneutrinos 


{rui^,, nio^, m/>J 


{0.220, 0.220, 0.220} 


R.H down squarks 




{1.284, 1.284, 1.284} 


L.H down squarks 




{1.186, 1.186, 1.028} 


R.H up squarks 




{1.098, 1.098, 0.644} 


L.H up squarks 




{1.184, 1.184, 1.099} 


R.H scalar neutrinos 


{mc,c}{i = 1-3) 


0.605 


R.H pseudoscalar neutrinos 


{mccjii = 1-3) 


0.413 


Heavy scalar neutrino (P'^, p'^) 




{1.142, 3.644} 


Heavy pseudoscalar neutrino {u'^, v^) 




{0.595, 1.439} 


R.H neutrinos 




0.455 


Heavy neutrinos {v^, v'^) 




{0.933, 1.635} 



Table 2: Sparticle masses in Model 1 (x = 1.3) for the choice Manx = 56.398 TeV, tan^ = 
-1.295, u = 2.054 TeV, = 0.28, /^c = 0.28, h = 0.921, = 0.41, M^c = 1 TeV and 
Mt = 174.3 GeV. This corresponds to tan/3 = 4.39, fi = -0.977 TeV, fi' = 0.214 TeV, yt = 0.03. 



Z' boson mass 


Mz' 


2.383 TeV 


Z — Z' mixing angle 




0.001 



Table 3: Z' mass and Z — Z' mixing angle in Model 1 for the same set of input parameters as 
in Table El 
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Fiplrls 


Al 


vO 
A2 


A3 


vO 
A4 


A5 


vO 

A6 


v2 

A7 


R 


u.uUO 








n nnn 

u.uuu 


n nni 


n nnn 

u.uuu 




-0.997 


0.001 


-0.052 


-0.058 


0.000 


0.002 


0.000 




0.078 


0.054 


-0.703 


-0.704 


-0.002 


0.030 


0.001 


Hu 


-0.004 


0.019 


-0.707 


0.706 


0.001 


-0.042 


0.016 


& 


0.000 


0.000 


-0.004 


-0.023 


-0.026 


-0.612 


-0.790 


s+ 


0.000 


0.000 


-0.011 


0.039 


-0.597 


0.642 


-0.479 




0.000 


0.000 


-0.009 


0.026 


0.802 


0.458 


-0.382 



Table 4: Eigenvectors of the neutralino mass matrix in Model 1. The unitary matrix O in Eq. 
(|5H)) is the transpose of this array. 



Un 


Ul2 


U21 


U22 


1^11 


V12 


1^21 


V22 


0.994 


0.110 


-0.110 


0.994 


1.000 


0.006 


-0.006 


1.000 



Table 5: Eigenvectors of the chargino mass matrix in Model 1, where U, V are the unitary 
matrices that diagonalize the chargino mass matrix {V*M^^^U-^ = m'^)). 



Fields 


h 


h' 


H 


H' 




0.226 


-0.025 


0.974 


-0.007 




0.967 


-0.110 


-0.227 


0.027 


s+ 


-0.050 


-0.612 


-0.010 


-0.790 




0.104 


0.783 


-0.008 


-0.613 



Table 6: Eigenvectors of the CP-even Higgs boson mass matrix in Model 1. This array corre- 
sponds to X used in Eqs. (82) - (84) and Eq. (109) of the text. 
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Particles 


Symbol 


Mass (TeV) 


Neutralinos 


jm^o, m^o, m^o, m^oj 

A.1 A.2 A3 A4 


{0.185.851, 0.550, 1.049, 1.050} 


Neutralinos 




{0.498, 2.840, 4.539} 


Charginos 




{0.185855, 1.051} 


Gluino 


M3 


1.298 


Neutral Higgs bosons 


{mh, mn, m^} 


{0.126, 0.625, 0.625} 


Neutral Higgs bosons 


{mh', ruH', ruA'} 


{0.023, 3.436, 0.125} 


Charged Higgs bosons 




0.630 


R.H sleptons 


{met,, nif^j^, m^J 


{0.383, 0.383, 0.385} 


L.H sleptons 


{mg^, m^^, m^J 


{0.213, 0.213, 0.210} 


Sneutrinos 


{rui^,, nio^, m/>J 


{0.174, 0.174, 0.174} 


R.H down squarks 




{1.370, 1.370, 1.369} 


L.H down squarks 




{1.267, 1.267, 1.087} 


R.H up squarks 




{1.031, 1.031, 0.406} 


L.H up squarks 




{1.264, 1.264, 1.1141} 


R.H scalar neutrinos 


{mc,c}{i = 1-3) 


1.583 


R.H pseudoscalar neutrinos 


{mccjii = 1-3) 


1.129 


Heavy scalar neutrino (P'^, p'^) 




{1.852, 4.700} 


Heavy pseudoscalar neutrino {u'^, v^) 




{1.398, 2.586} 


R.H neutrinos 




0.829 


Heavy neutrinos {v^, v'^) 




{1.174, 2.070} 



Table 7: Sparticle masses in Model 2 (x = 1.6) for the choice Manx = 59.987 TeV, tan^ = 
-1.202, u = 2.697 TeV, = 0.4, f^c = 0.4, h = 1.0, = 0.45, M{ = 2.197 TeV, M^c = 1 TeV 
and Mt = 174.3 GeV. This corresponds to tan/? = 5.83, /i = -1.046 TeV, fi' = -0.505 TeV, 
Vb = 0.06. 



Z' boson mass 


Mz' 


3.433 TeV 


Z — Z' mixing angle 




0.00068 



Table 8: Z' mass and Z — Z' mixing angle in Model 2 for the same set of input parameters as 
in Table [a 
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Al 


vO 

A2 


A3 


vO 
A4 


A5 


A6 


A7 


R 


n nni 








n nnn 


n nnn 

u.UUU 


n nnn 

u.UUU 


yy^ 


-0.997 


0.002 


0.053 


-0.052 


0.000 


-0.001 


0.000 




-0.074 


-0.052 


-0.703 


0.705 


-0.002 


0.011 


0.001 




0.000 


-0.020 


-0.707 


-0.707 


-0.001 


-0.021 


0.016 


& 


0.000 


0.000 


0.006 


-0.004 


0.023 


0.0563 


0.826 


s+ 


0.000 


0.000 


0.011 


0.018 


-0.648 


-0.620 


0.441 


5„ 


0.000 


0.000 


0.007 


0.017 


0.761 


-0.546 


0.350 



Table 9: Eigenvectors of the neutralino mass matrix in Model 2. The unitary matrix O in Eq. 
(|5H)) is the transpose of this array. 





Ul2 


U21 


U22 


1^11 


Vl2 




V22 


0.994 


0.105 


-0.105 


0.994 


1.000 


0.000 


-0.000 


1.000 



Table 10: Eigenvectors of the chargino mass matrix in Model 2, where C/, V are the unitary 
matrices that diagonalize the chargino mass matrix {V*M^''^U-^ = u'f)). 



Fields 


h 


h' 


H 


H' 




0.176 


0.002 


0.984 


0.005 




0.984 


0.010 


-0.176 


-0.025 


s+ 


-0.012 


-0.640 


0.007 


-0.768 




-0.023 


0.768 


0.006 


-0.640 



Table 11: Eigenvectors of the CP-even Higgs boson mass matrix in Model 2. This array 
corresponds to X used in Eqs. (82) - (84) and Eq. (109) of the text. 
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6 Z' Decay Modes and Branching Ratios 

The Z' gauge boson of our model has substantial coupling to the quarks. With its mass 
in the range 2-4 TeV, it will be produced copiously at the LHC via the process pp ^ Z'. 
The reach of LHC is about 5 TeV for a Z' with generic quark and lepton couplings [2H1- 
Our model will then be directly tested at the LHC. Once produced, the Z' will decay into 
various channels. It is important to identify the dominant decay modes of the Z' and 
calculate the corresponding branching ratios. This is what we do in this section. We will 
see that our Z' is almost leptophobic, with Br{Z' —>■ e+e^) = (1 — 1.6)%. Direct limits 
on such a Z' are rather weak, however, the Z — Z' mixing which occurs in our models at 
the level of 0.001 does provide useful constraints. 

We now turn to the dominant 2-body decays of Z'. In this analysis we can safely 
ignore the small Z — Z' mixing for the most part. 

The Lagrangian for Z' coupling to the Standard Model fermions can be written as 

^ = gJl'ivf - a/75)/^;. (56) 
The Z' decay rate into a fermion-antifermion pair is then 



r(z' ^ //) = c^^M^, 



2 

m, 



Here Cf = 3 (1) for quarks (leptons), Mz' is the Z' mass and is the f/(l)x gauge 

coupling. The vector and the axial-vector couplings (fj, a/) are related to the U{l)x: 
charges of the fermions as 

Vf = l{Q{fL)+Q{fR)), (58) 

«/ = ^(Wl)-Q(/r)). (59) 

Here Q is the U{l)x charge of fi (listed in Table 1 ) and Q^fn) = —Q{fl)- 
The decay width for Z' i^u^Li and Z' z/fz/f are: 

TiZ'-^uui^u) = ^Ql.Mz', (60) 

3 

TiZ'^uM) = :^QlMz> ( 1 - A^] . (61) 
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(62) 



There is mixing between the heavy vector-hke v'^ and the v'^ [Cf: Eq. (j37|) ]. with the 
mass eigenstates (tui, UJ2) given by 

cos Oyc sin Oyc \ / uji 
J \ — sin 9,yc cos 9,yc ) \uj2 

Since Qp^ = —Qv'^-, the Lagrangian for the Z' couphng to these neutrino is given by 

C = ^Qu<^ (cos 26yc-u}i^^^5UJi - cos 26ycijj2Yl5^2 - sin 26ycijji^^^^uj2 

- sm26uc0O2l^l5^^i)Z'^- (63) 

This leads to the decay rates 

3 

r{Z'^u,u,) = ^Mz'Qlcos'2ey.(l-A^y , (64) 



r(Z'^cu2CU2) = ^Mz'Qlcos^2eyc{l-4^] , (65) 



r(Z'^^i^2) = ^Mz'Qlc sin'' 26, 



2Ml, 2M|, M|, 

M|, Ml, )■ ^''^ 

Here m^^j (^0^2) the masses of the physical Majorana fermions. 

The Z' interaction with the sfermions is described by the Lagrangian 

£ = ig,{vf ± af)fl^ d, fL,RZ'^. (67) 

The rate for the decay Z' to sfermions is given by 

2 / 777,2 \ 2 

^ fUkR)=Cf^Mz.{vj±aff\l^A^\ , (68) 

where the +(— ) sign is for the left (right)-handed sfermions and ^ is the left (right)- 
handed sfermion mass. Vf and af are as given in Eqs. ()58p -f59). 

In the top squark sector, there is non-negligible mixing between the left and the 
right-handed sfermions. This leads to the following modification of the Lagrangian: 

C = ig, {{vf ± a/ cos 2^^^-)/* ^ i /i,2 - sin 2ej{fl h + h A)) (69) 
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where Of is the left-right sfermion mixing angle. The decay rate is given by 



4o7r ■' 



ml 

>2 I ]^ _ 4. ^1.2 



T{z' ^ rj,) 



C 



487r 



Mz'{af sin 26 



Ml 



The p'^ and z/*^ splits into two scalar and two pseudoscalar which mix (see Eqs 
(49)). The mass eigenstate and oJip are given as 

z/^ \ / cos6'^^s sin 6^0; 

z>! / \ — sin ft,, „ cos ft. 



(70) 
.(71) 



^2s 



~c 



COS sin 
- sin cos 



UJip 



(72) 



(73) 



The Lagrangian for the Z' coupling to the scalar-pseudoscalar pair is given by: 

^ = gx {Qv'^ COS d^s cos d^y + Qyc sin d^^ sin 6'<^p)cDis 9^ 

^{Qyc sin sin Q^^ + Qp^ cos 6^^^ cos 6^p)u2s df, ^2p 
+ {Qu'^ cos 6'(^^ sin 61^^ - Qpc sin 61^^ cos 6^p)uJis 9^ 0)2? 
+ ((5i,c sin 9^s cos - Qp'^ cos 9^s sin 6^p)uj2s cDi, 



(74) 



This leads to the decay rate 



r(z' ^ ^,,^,p) = 

4o7r 



M|, 



(75) 



where Qjj is identified with the appropriate coupling to UisUJjp term in the Lagrangian of 
Eq. (ffi|. 

The supersymetric partners of uf split into a scalar (i/f^) and a pseudoscalar (t'fp). The 
decay of Z' to these fields is similar to those analyzed in Eq. (fTSj) : 



487r 



(mL + mL 



m 



2 \2' 



+ 



Ml, 



(76) 



where rrij^c and rrij^c are the masses of the scalar and the pseudoscalar. 

is ip 

The Lagrangian for the Z' coupling to the charged Higgs bosons is given by 

^ = tgAQH,sm^f3-QH^cos^(3)H+d,.H-Z'^ 

+ 9x{Qh, + Qh^) sin P cos PMwiW^H- + W^H+)Z'^, 
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(77) 



where Qh^ (Qhu) is the f/(l)a; charge of {H^) field. The decay rates of Z' to H^H 
and W^H^ are given by 



T{Z' H+H~) 



AStt 
9l 



MziQn, sin^ /3 - Qh„ cos^ (^1 - 4^"^^ 



Ml, 



1927r 



Mz'iQH, + QH^] 



(71 
2 \2n 



1 + 2- 



+ 



'1-2 



M2 



+ 



(79) 



M|, 

Here m//± is the mass of the Higgs boson and My/ is the mass of the W^-boson. 

The ZW^W~ couphng of the Standard Model will induce, through Z — Z' mixing, a 
Z'W~^W~ coupling. The decay of Z' to a pair of W'^W' is found to be 



T{Z' W+W- 



1927r 



cos^ ^VK sin^ eMz^ ' ^""''^ ' ^^'"^ 



1 + 20^ + 12^' 



1-4 



M 



2 \l 
w 



Ml 



We now discuss the decays of Z' Zh, ZH, Zh', ZH' as well as Z' hA, h'A' etc.. 
The relevant Lagrangian is 

4 



£ = 2g,Mz'Y,iQH,cos(3Xu-QH^sm(3X2^)Z'^Z^,H, 

i=l 

4 

- 9x Y,{Qh, sinpXu + Qh^ cos(3X2i)Z'^H^ 9^ A 

i=l 
4 

- 9. cos + Qs. sin VX4,)Z"^if° d,. A', 



(81) 



i=l 



where (= h, h' , H, H') are the neutral CP-even Higgs bosons, m//. are the masses 
of the corresponding Higgs boson, Qsj^ (Qs-) is the U{l)x charge of the 5*+ (S*-) field and 
Xij are the matrix elements of the unitary matrix that diagonalizes the CP-even mass 
matrix of Eq. p5|) . The decay rates are then 



T(Z' ZH? 



9l 
487r 



j5M|-m|,J (M| - ml,^ 
1 + 2 7^ — H J — ■ 



2 \2 



M2 ^ M% 



Ml 



M% 



T{Z' ^ H,A) 



9l 
487r 



Mz'{Qh^ sin/5Xii + Qh„ cos/5X2i) 



X 



1-2 



M2 



+ 



[niA — m 



2 \2 



Hi 



^3) 
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T{Z' ^ H,A') 



487r 



Mz'{Qs+ cos ipXsi + Qs__ sin ipX. 



4i 



X 



1-2 



Ml 



{ml, -mjjf 



(84) 



where rriA and m^i/ are the pseudoscalar Higgs boson masses. 

We parameterize the interactions between the neutrahnos (x?, X2'---X7) and the Z' 
boson as 



Here the couphng gij is obtained from the eigenvectors of the neutrahno mass matrix of 
Eq. (j2ZI) as 

/OO 000 0\ 




9 



9x 



o 



-| 
I 



(86) 




2 
\0 0-2/ 

with gij = {g)ij. Here O is the orthogonal matrix that diagonahzes the neutrahno mass 
matrix. The Z' partial decay rates into neutrahnos is found to be 



9t 



iZTT 



2X1 



(87) 



{mf + mj) 
2M|, 



{mf - m2)2 ^ ^rriimj 



2M|, 



M|, J 



X 



^ _ (mi_+mj)2\ / _ (m^ - mj) 



Ml 



Ml 



^ 



(88) 



where mj are the neutrahno masses. (Here our result disagrees with Eq. (48) of Ref. [S] 
by a factor of 2.) 

The Lagrangian for the couplings of Z' to the charginos is given by [H] 

I 2 

^ = n9xY^ xtl^i^ij + aijl5)xfZ'^- (89) 
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The Z' decay rate into the chargino pair is then 



^2 




Z' J 



(90) 



Here mj is the chargino mass, Vij and Ojj are given in terms of the charges Qhui Qh^ 
and the matrices U and V which diagonahze the chargino mass matrix Eq. (jSHj), can be 
exphcitly written as ^ 





= Qna ^12 - Qh.^ U 12 , 


(91) 


ail 


= QHa + QhJJIi-, 


(92) 


Vl2 


= V2l = Qh^VuVu - 5QhuUi2Uii, 


(93) 


ai2 


= 0-21 = Qh^VMi + 5Qh^Ui2Uii, 


(94) 


V22 


= Qua Vll -QHuUii, 


(95) 


(122 


= QUd V22 + QHuU22, 


(96) 



where S = sgn{m^±) x sgn{m^±). 

In Table IT^ we present the partial decay rates of Z' to two fermions and to two scalars 
in Model 1. The total width of Z' is 106 GeV (this ignores three body decays, which 
are more suppressed). One sees from Table 7 that the Z' decays dominantly to qq with 
Br{Z' qq) ^ 43.93%. On the other hand, Br{Z' e+e^) ^ 1.16% in this case. Thus 
this Z' is leptophobic. We also see that Z' — > Xi'Xj ^-iid Z' xfxj significant. 
There are also non-negligible decays into two Higgs particles, with Z' h'A' being 
the dominant mode in this class. The decay of Z' into sfermions is a new production 
channel for supersymmetric particles. Decays into sneutrino pairs is the dominant mode 
in this category, with Br{Z' viVi) ^ 7.74%. The signature will be pp ^ Z' ^ 
^LiT^Li — ^ ^iXiXi 1 where the sneutrino decays into i~Xiy with the subsequent decay 
xf ^Xi + T^^, etc. 

In Table El we list the Z' partial decay rates in Model 2. Br{Z' e^e^) ^ 1.60% in 
this case. Other features are very similar to the case of Model 1 (Table 7). 
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Decay Modes of Z' 


Width fOeVl 

VV lU-Lll \ VJC V J 


z - 


r — — # 1 1 

jnti, cc, it] 


f A Tt^ A Tr^ A a A^ 

|4.7o, 4.75, 4.o4j 


z - 


da (ss, bb) 




z - 


— / — — \ 

ee(/i/i, TT) 


1 1 Q 


Z - 




U.DO 


Z - 


VeRT^eR {^uRT^ijlR, T^tR^tR) 


4.iy 


Z' - 




U.oU 


z - 


{XiX3, XiX4, X2X4, X3X4, X3X5, X4X5, X5X5, XsXej 


|U.Ui, U.Ui, U.Ui, 6.60, U.Ui, U.Uo, o.o4, o.boj 


z - 


r __l _J L-| 

{xJX2 > xrx2 > Xi Xii 


{o.ob, U.Uz, U.Uzj 


z - 


uyuR {c\cr) 


U.io 


Z - 


{t*R'tR, i%iR, i*j^iL} 


{U.OO, U.io, U.ioj 


ryl 

Z' - 




n on 
U.oU 


z - 


eR^R [f^Rf^R, t^tr) 


U.ZO 


z - 




O CO 

Z.OZ 


r7l 

z - 




1 f\A 

i.y4 


Z' - 




U.oO 


Z' - 


Zh 


1.11 


z' - 


{hA', HA, h'A'} 


{U.U3, U.47, 0.62} 


z' - 


H+H- 


0.46 


z' - 


w+w- 


1.08 


z' - 








Table 12: Decay modes for Z' in Model 1 for the parameters used in Table IS The total decay 
width is r{Z' all) = 97.68 GeV. 
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Decay Modes of Z' 


Width (GeV) 


Z' — > {uii, cc, tt\ 


{15.00, 15.00, 14.86} 


dd {ss, bb) 


20.90 


— > ee^JjLjjj, tt) 


3.69 


^ cL/'^ cL/ flL, flLi ; T Li'^ T Li J 


0.37 


Z^ > Z/«F?Z/oR ,, T^l^ iiTi ^ l^-rTil^-rTi^ 

cn c ix, fjiit, fJ-ix^ Trt Tlx/ 


6.19 


Z' — > iu)i ^o^ . u)i u)o\ 


{1.41, 0.06} 


Z^ — > IyiY'^. YiYa. YqYa. Y-^Ya. Y-^Yt^, YaYc;. Yt^Yc;, y<\p}t 

LAlAvJl AiA4l AzA45 AoA45 AvSAO) A4A05 AoAO) AoAD J 


{0.03 0.03, 0.03, 10.99, 0.01, 0.04, 1.63, 6.64} 


Z' |y+y-) 


{10.96} 


Z' — > u^ut (c%Cr) 


0.02 


Z' — >■ U%,UTi fCoCR^ 


3.80 


Z^ — > ^t%>tR. t%tf?. t ot r T 

L .ft J^' '^J^ JX^ ij J 


{5.93, 0.45, 0.45} 


^' ^ J* J. (SrS;-, hr^f) 


0.02 


Z' — > d*r>dn is*r,Sn. h*r,hn^ 


3.77 


Z' — ^CrCr {utUt, TtTt) 


0.18 


Z' — > CdCR fWoWR, fttTVl] 
ix ^ Vr /tr li ^ J 


1.54 


Z' >l'*TVeT {u*tUi,T. 1^*7 Ui-t) 


4.54 


Z' > ZJf it'n Un . K \ 

Is Ip I 2s 2p^ is Spl 


1.04 


Z^ — > U)l tjCJl r) 


0.91 




2.96 


Z' {hA', HA, h'A'} 


{0.01, 2.38, 0.60} 


Z' H+H- 


2.38 


z' w+w- 


2.81 


Z' W^H^ 






Table 13: Decay modes for Z' in Model 2 for the parameters used in Tabled The total decay 
width is T{Z' all) = 229.93 GeV. 



24 



7 Other Experimental Signatures 

In this section we discuss experimental signatures of the model other than Z' decays. 



7.1 Z Decay and Precision Electroweak Data 

The Z — Z' mixing angle and the direct coupling of Z' to the Standard Model fermions 
leads to modification of Z decays. Precision electroweak data from LEP and SLC can be 
used to constrain such a Z' in the mass range of a few TeV. Typically one finds the Z — Z' 
mixing angle ^ bounded to be less than a few xlO~^ [4], which is satisfied in our models. 

The mixing of Z with Z' shifts the mass of the Z boson from its SM value, while 
leaving the W mass unaffected. This leads to a positive shift in the p parameter: 

P^P.m(i + ^^§). (97) 

The partial decay width V{Z — > //) is modified to 

ff) = . 2^^^ 2n [i9vcos^ + KVfsin^f + {gACOs^ + Kaf sin ^f] . (98) 

iZ Sm U\[r COS U\y 

where 

9v = [Ts - 2q sm 9w), 9a = T3, k= , (99) 

e 

with q being the electric charge of the fermion. Vf and Va are given in Eqs. ()58|) and (59). 

Partial widths of the Z will deviate from the Standard Model values owing to the shift 
in the coupling of Z to fermions as well as due to a change in the derived value of sin^ 6y/. 
We define 

Ay = ^ y - 1. (100) 

We use sin^ 6'^-'^ = 0.23113 (the best fit in the Standard Model) for evaluating V[Z — > 
f f)sM- We do not perform a global fit to the available data, but we present a specific fit 
which is at least as good as the Standard Model and perhaps slightly better. We choose 
to set Ai = 0, which yields sin^ 9w = 0.230717 in Model 1. With this value of sin^ 9w we 
find 

{A„, Ad, A4 = {0.00100, 0.00171, 0.00206} (Model 1). (101) 
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This leads to the following modifications of decay widths: 

^had = rf*^ + A,(2rf^ + rf'0 + 2A„rf^ = 1.74545 GeV, (102) 
Tinv = (1 + A,)rf„t' = 502.793 MeV, (103) 
Re = f(^^7^ = 20-7744. (104) 

We see that Thad is closer to the experimental value of 1.7444 GeV compared to the 
Standard Model value of 1.7429 GeV. Similarly Re is closer to the experimental value 
(20.767 ± 0.025) than the Standard Model value (20.744). On the other hand, Ti^v is 
somewhat worse than the Standard Model fit (501.76 MeV) to be compared with the 
experimental value of (499.0 ±1.5 MeV). This deviation is still within acceptable range. 
Here for our numerical fits we used the central values T^^^ = 0.383185 GeV, Ff*^ = 
0.375926 GeV and Tf*^ = Tf*^ = 0.300302 GeV, and Tf^j = 1.7429 GeV 
The predicted value of Mw is modified as 

M^^' = 80.4427 GeV, (105) 



w 



.^MfA 1 -sin^^H/ 



^ ^ M2 ; 1 - sin^ 9^J' 



where = 80.391 GeV is used. This value is closer to the direct measurement 

Mw = 80.446 than the Standard Model value. 

In Model 2 we find, following the same procedure, sin^ Ow = 0.230783, = 0.00131, 
A„ = 0.00089, A^ = 0.00138 and T^ad = 1.74493 GeV, T^^^ = 502.453 MeV, Re = 
20.7682, Mw = 80.4356 GeV. 

The radiative correction parameter in /i decay, Ar, is slightly different in our model 
compared to the Standard Model. In the on-shell scheme we have 



M^ sin^ 9w _ (1 - Ar) 



(106) 



{M^smHw)sM (1- Ar) 
We obtain Ar = 0.03501 (in Model 1) using the Standard Model value of Ar = 0.0355 ± 
0.0019. Clearly, such a shift is consistent with experimental constraints ((Ar)ea;p = 
0.0347 ±0.0011). 

7.2 Z' Mass Limit 

The direct limit on the mass of Z' with generic couplings to quarks and leptons is Mz' > 
600 GeV. There is also a constraint on Mz' from the process e~^e~ — > /x^/x^. LEP II has 
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set severe constraints on lepton compositeness j^OJ |221 from this process. We focus on 
one such amphtude, involving all left-handed lepton fields. In our model, the effective 
Lagrangian for this process is 



Comparing with A^^(ee/i/i) > 6.3 TeV |221, we obtain ^ > (1 - f)2.51 TeV. For 
g^, = 0.41 (0.45) and x = 1.3 (1.6) this implies Mz' ^ 361 (226) GeV. For the choice of 
parameters in Tables |21 and [7[ the above constraint is easily satisfied. 

7.3 h h'h' Decay 

Since the neutral Higgs boson h' is lighter than the Standard Model Higgs the decay 
h h'h' can proceed for part of the parameter space. The decay rate is given by 



= [i'^dXii - VuX2i){Xl^ - X|) + 2{vdX^2 - t;„X22)(XnXi2 - X21X22)] 

+ ^ [2(4X31X32 - 4X41X42 - XX11X12 + XX21X22) 

X (-xi;dXi2 + xi;„X22 - 41/X42 + 42;X32) 

- (4X^2 - 4X4^2 - xXl^ + xXl^){xvdXn - xv^X^i + 4yX4i - 4^X31)] . (109) 



Here X is the unitary matrix that diagonalizes the CP-even Higgs mass matrix of Eq. ()15j) . 
In principle this can compete with the dominant decay h bb. However we find that in 
Model 1 of Table 2 the decay is kinematically suppressed, while in Model 2 of Table 7 due 
to the small admixture of h in 5*+, S-, this decay is suppressed: r{h h'h') = 1.48 x 10^'' 
GeV (see Table 11). It is worth noting that if the mixings are as large as in Table 6 and 
if the decay is kinematically allowed, then r{h h'h') ~ 0.1 MeV is possible. Once 
produced, the dominant decays of h' will be h' bb and h' cc with comparable partial 
widths, as can be seen from and components in h' (see Table 6). 




(107) 




(108) 



where 
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7.4 Signatures of SUSY Particles 

The supersymmetric particles, once produced in pp (pp) collisions, will decay into the LSP. 
The LSP is (the neutral Wino) in Model 1 while it is the scalar neutrino ul in Model 
2. In Model 1, Xi is nearly mass degenerate with the lightest chargino xf^ with a mass 
splitting of about 180 MeV. The decay Xi ~^ ^^X? then occur within the detector. At 
the Tevetron Run 2 as well as at the LHC, the process pp (or pp)~^ x^ + xt "will produce 
these SUSY particles. Naturalness suggest that rn^o^^ m-± < 300 GeV (corresponding to 
fngiuino ^ 2 TeV). Strategies for detecting such a quasi-degenerate pair has been carried 
out in Ref. [^|H2]- In the case where the LSP is the left-handed sneutrino, the decay 
xf — ^^t'L will be allowed. In this case x? will decay dominantly to Xi ~^ i^L^i- 

8 Conclusions 

We have suggested in this paper a new class of supersymmetric Z' models motivated by the 
anomaly mediated supersymmetry breaking framework. The associated U{1) symmetry 
is U{l)x = xY — {B — L), where Y is the Standard Model hypercharge. For 1 < x < 2, 
the charges of the lepton doublets and the lepton singlets have the same sign. This 
implies that the U{l)x -D-term can induce positive masses for both the doublet and the 
singlet sleptons and can cure the tachyonic problem of AMSB. We have shown explicitly 
that this is indeed possible in this class of models. In achieving this, the parameters of 
the model get essentially fixed. We have found that Mz> = 2 — 4 TeV and the Z — Z' 
mixing angle ^ ~ 0.001. The phenomenologically viable Z' turns out to be leptophobic 
- with Br{Z' £^£^) ~ (1 — 1.6)%. The dominant decay of Z' is to qq pair with 
Br{Z' qq) ^ 44%. Decays into supersymmetric particles and Higgs bosons are also 
significant. 

In Tables 121 and [7| we present our spectrum for two models. Model 1 (with x = 1.3) 
and Model 2 (with x = 1.6). The lightest SUSY particle is the neutral Wino (Model 1) 
or the sneutrino (Model 2). The partial decay widths of Z' are listed in Tables IT^ and 
IT^ These models are compatible with precision electroweak data, with the Z' models 
giving slightly better fits to the data than the Standard Model. This Z' should be within 
reach of LHC. The correlations between the Z' decays and the supersymmetric spectrum 
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should make this class of models distinguishable from other Z' models. 



A Appendix 

In this Appendix we give the one-loop anomalous dimension, beta-function and the soft 
SUSY breaking masses for the various fields in our model. 

A.l Anomalous Dimensions 

The one-loop anomalous dimensions for the fields in our model are: 

16 = (y.l^^)..-<^^(^^7? + ^^2^ + 2(l-|r^^), (110) 

leAec, = 2(r/ii)^.-<^^'0^i + 2(-i + x)25^), (111) 

167r^7Q, = {Y.Yh^r + {YuYD^r - Sj Q^gj + ^gl + + 2(^ - ^-fgl^ , (112) 

IGTrV.. = '2{Y^Y^),,-Si(^^gl + lgl + 2{lx + lrgl^, (113) 

IGAd, = 2(Y;Ya),j-Sil^^^g! + lgl + 2q + lrgiy (114) 

le^rV, = 3Yl + Y,l-^g!-lgi-2{-^-ygl, (115) 

16^V„ = 3Yl-^gl-lgl-2(-^-ygl, (116) 

167r^,c = 4^-2^^^ (117) 

IGttV = 4/2.-2^2^ (118) 

IGttV = 4/1^-2^2^ (119) 

3 

167rV+ = 2 5^ 4 + 2/,^e - 8^^, (120) 

IGttV- = 2/^2 -8^2_ ^^21) 



A. 2 Beta Function 

The beta functions for the Yukawa couplings appearing in the superpotential, Eq. (4), 
are: 

'^'''■"^ = 1^ (< + K +yi- is'i - 3gl - f 9l - " '7 '"'' gl) .(122) 
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^/^fiy2 , _13 2 ,2 16 2 (4 - 10a; + 13a;2^ 
I67r2 V '^^ 15 



= iS^ 6^-3 + ^-^3 - y/. - - '-^91 - ^ ^ (123) 



/5(>^3) = (^41^3 + - 5^?? - 3(72' - (4 - 6a; + 3a;2)^7^J , (124) 

/3(/.J = Y^,{l^fl + Vl+Vl+Vl^-I2gi) , (125) 

/5(/.J = ^,{l^fl+2fl + 2fl+2fl.~l2gi), (126) 

/3(/.J = ^ (lO/J, + 2/,^^ + 2/J^ + 2/J. - 12^7^) , (127) 

/3(/.0 = ^ (lO/,l + 2/J^ + 2/2^ + 2/2^ - 12^2 j ^ (128) 

m = A_(io/,-i2^g. (129) 
The gauge beta function of our model are 

where k = (f , 1, -3, (llx^ - 16a; + 26)) for z = 1, 2, 2, 3, x. 
A. 3 A terms 

The trihnear soft SUSY breaking terms are given by 

Y 



Ay = -^Mau., (131) 



where Y = (y„^, Ya^, Yi^, f^c, /^c, h). 

A. 4 Gaugino Masses 

The soft masses of the gauginos are given by: 

M, = ^M,„,, (132) 
9i 

where i = l,2,3,x, corresponding to the gauge groups f/(l)y, SU{2)w, SU{3)c, U{l)x 
with p{gi) given as in Eq. fT!?n|) with = M[. 

A.5 Soft SUSY Masses 

The soft masses of the squarks and the sleptons are given in the text. For the H^, H^, 
u'^, S+, S- fields they are: 



3^3/3(^3) - ^9i(3{9i) - \92(3{92) - 2 (|)%,/3(^,)) ,(133) 
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- 2(-|)%,/5(^7,) ) , (134) 
i^losttX = ^(2^/../3(/..) + 2/../3(/.0-8^?./5(^7.)), (135) 



i=l 



(rhlffsZ = ^ {2hp{h) - 8g,(3{g,)) , (136) 



[m 



^lft)'j^ = ^{^fuff3{f.f)-2g^(3{g.)), (137) 
^lft)u^ = ^{^fu^f3{M-2g,f3{gJ), (138) 



IGvr 
IGvr 



(^L/t)^^ = ^ (4/i/3(/i) - 2^./?(<7.)) . (139) 
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